
where i is either I’ll or I’J4 and

~7’~; =: :::, Z7A1 = ~ (8)

‘1’hctangcntia]  fields arwsufficicnt  todefillc thcnor)rlalized  l’loquct  volts.gewaves [9] at apkme~ asthcy

rcq)rescmtl ~Jowcr travclling  in the +:2 direction. Note that in clclining tile q’]’;  and ‘1’hf folds, such ,m shown

in (5) wld (6), they have bccnl normalized to obtain a symmctrit scattming  lnatrix for reciprocal structures,

(9)

ccl]

Since tllc normalizing direction, :i-iZ, is dependent on whether tllc waves arc forwalcl  or backward travcllin:.

‘1’hcrcforc  tllc sign of either d~,fi; or ~T,J; must change depel]cient on tlw direction of propagation. As

nlcntionccl previously, it is convenient to choose the sign of the electric field col[l~)ollcnts to remain the same,

except  for the ncccssary  change  on ~T,L7~,

~ ,+
% = 6i– and hi+ = --h,- for z = O, i = Y’.E  or I’A4 (lo)

to guarantee that reflection from a pcc plate will give a rcflecti(  ~n coefficient of -1

‘1’hc total tangential electric field at, a reference platle z = 2’ is then wwip;hted  i JY the apl)rol)riate  coeffi-

cicnlts of the llormalizcd  I~loquci  harmonics,

wllcre (JY-!IJ  (m, n) 6T7flI,J  (m, n) is analogous to the forward travell  ing volt ag;e On a transmission line. l~ikcwise

the lnagnctic  field will correspond to the forward travclling  curl ent, wllicll is lclatccl to Llle electric field via

(7). So that tllc scattering lmrametcrs  can be clefiuecl at port i (Iuc to an i[lcidrllt  h’loquct  harmonic at lmrt

(12)

where tile rcfercncc  l~lanc is located at x == y L O and z == z’.

C. l’mmr Waves al the Dwicc  Under  7kwt (D. (J. 7 ’ . )

It is now ncc.essary to define the scattering parameters a( the clcvicc Ix,rts duc to incident Floquct

lmrnlo~lics. I+’or tile ])lilll~l’  geometry as shown in Fi~,. 1, tlw dcvicc l)ort  locations ate not terminated iri
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transn~issiml  lillcs with known characteristic inlpcda~lcc. ‘1’heJ  cforc it is lmccssary to C11OOSC  generalized

power waves as described by Kurokawa  [12].

(13)

(14)

IIy convcllicnce,  the normdiziug inlpcdance  Z, at the ith port  is chosen to bc tllc input impcdancc.  ‘Yhus

the scattering parmnctcrs as given by (12) arc cletcrn lined wit II the clcvicc POILS  lnatchccl,  Vi =. -- Z,l,, so

that aa = 0.

‘1’hc  scattering parameters between the ith incidclit  FloqueL harmonics and kth  device ports arc then

computccl via

(15)

And by reciprocity, the scattering paratnctcrs  clue to excitatio]l  at the device I )orts arc found by usilg the

synlmctry  of the resulting scattering matrix. ‘1’hc input reflection cocfficicut  at tllc kth  device location, S~~

is thcll  colnl)utcd  by

zk – Zk”
Skk ~ ~;-_-g;T

J,
(16)

‘1’IIus  cquatiolls  (12), (15), and (16) define tllc gcncralizwl scattcriug  n]atrix  for tllc l)criodic array.

Note tlmt wllcn the supporting supc:rstratc  a~lcl substl  atcs mat(’rials arc 1OSSI(SS, the coml)utcd  gwlcralizcd

scat, terillg  lnatlrix satisfies tllc usual conditions related to power collscrvatioll. 1 ]i (lie next section wavcguidc

sinlulation  al)l)roacll and nlcasurcd  results will be prescrhcd

111. WAVN~UII)K  SIMUI,A’IION

Fip;.  3 S11OWS  the OIIC port dipole unit cell to be simulated in a wavcguiclc silllulator.  ‘J’hc sul)strate  is

sul)I)ortcd by ltogcrs  R1’/duroid  5880, c, =- 2.2, that is 0.32 cm thick. ‘lo sul)lmrt  two orthogonal lllodcs for

two port, dcwicc mcasurcnlents,  the unit  cell was I)laccd in squate  wavcguidc. ‘l)lIC dilncnsions  of OIIC  edge of

tllc square unit cell is 4.74 cm, aucl tl~c dipole has a length of 1.0 cm and width of 0.44 cm. ‘J’llc dilmlc is

loaded with a chip resistor of length 0.1 cm, width 0.5 cm, and height  of 0.04 cln



I)ig. 4 shows a sinlplifiecl  diagram of the onc port device in tllc wavcp,uidc. ]n this simplified diagram, the

.grncralizcxl scat tcring  matrix computed by the procedu rc outlined above results i[l a three port scattering

nlatrix relating the field cluantities  at ports 1 and 3, to the power wave relmcsental  iotl at the device port. Upon

calibration at the wavcguicfe  ports, the computed generalized scattering nmtl  ix tlmn forms the embcddin:

network to which the chip resistor is attached. Since the scattcrin.g  matrix  for this cmbcclding network

is known, tile scattering parameters of the chip resistor load can be dctcrnlined  from nleasurmncnts  at

wavcguicle  l)ort,s  1 ancl 2.

In the nlorc  general case which uses a square unit cell the measurement oft llc two ort hog,onal  1’1? moclcs,

9 IEol and ~ ‘};10, in the square  wavcguide arc required. For mcasurerncnt  of these two orthogonal modes,

orthonlorlc  jullct,ions  bcconlc  part of the embedding network as shown in h’ig. 5. ‘1’hcrcforc  the generalized

scattering matrix for the unit cell, S7LV7n, is represented by a 5 port generalimxl scattering nlatrix for a one

port device, ancl a 6 port generalized scattering matrix for a two port, dcvicc. ‘JThc composite scattering

nlatrix resulting from tllc conlbination  of S“”’” with tile mcasul ed scat Wing paramct,ers  of the ort honlodcs

formed a 4 port embedding network. hleasurmnent  of the resulting 4 port scattering nlatrix then allowed for

extraction of Sd”t.

A .  Ykst Setup C’haractcrization

Addition of tllc ortllonlodc  junctions into the n~e~surement  setup requires lt msurcnmnt  of the S paranl-

eters  of these 4 l)ort< dcwiccs. Iktcrrnination  of the S l)aralnet(rs  of the orthomodcs  is complicated by the

Iwcd to I)lacc standards at the square wavwguidc  port that, matth onc of tile ‘l’It nmdes, while reflecting the

ortliogolml  lnode  with known ~nagnitudc and phase. ‘1’his  was acconlplislmd  I )y using a stel)l)cd transition

in one dinlcnsion  from 4.74 cln to 3.27 cm, and tllcn from 3.2’7 cm to rectanp,u]ar  wavcguide  of 2.21 C]IL hy

4.74 cnl which only sul)IJorts OIIC  dominant ‘l)Fl mode. A nlodc- matching solution was USCC1 to calculate tlic

n)agllitudc  and l)hase of tl)c stepped transition so that it COU1(I bc used as a standard ill cl(’tcrlllillatioll of

tllc S paranleters of Lhc orthomodc  ju~lctions.

In order  for t,l]c relatively narrow band stcppccl transitions t () exhibit ~rcal cr t]lan  20 d]] retllrn  loss, and

to avoid il~troduction  of tllc higher orclcr l’F~l 1 and Y’All 1 mod(s,  it was ncccss/~1 y to limit  tile measurement

rarlgc from 4.0 ~,11~, to 4.4 ~,llz.  Note that the addition of the orthomodes  cl(:ates  a source of Ilncalihrated

8



1~. Results for a One Port  D. U. T.

P’ig. 6 snows tlm results of cfe-cmhcckling  the S pariunctcr’s of the unit cell sliowli in Fig,.  3 when tlm load

is replaced hy a conducting patch. ‘1’hc clc-cnlbcddcd S parameter shown is llc]rloalizcd  to the antenna inl)ut

il]ll)cdancc.  ‘]’hc supcrstratc  layer for this unit cell consists  an air layer of tllickucss  1 cm. ‘J’hc inclusion of

tlic air supcrstratc layer allows the gcncralizcd  scattering niatr  ix for tllc array to l)c prol)erly  rcfcrcnccd to

the illtcrfacc  of the su])ljort  fixture for the unit cell, and the face of tlw ortllol[lode  junction. ‘1’hc suIJporL

fixture used consistcc] of a square wavcguidc section of length  1.32 cm ill which t lle unit cell was press fitted.

‘1’llis  allowed fc)r rmnoval and rcl)laccnlcnt  of the dcvicc under test.

Fig. 7 shows tllc dc:-clnl~cdcicd S l)aralncter  for tlm unit cell shown in l’ig. 3 wlicn it is loaded with a 51

Q cllil) resistor. ‘1’hc  theoretical curve is computed by using tlic colnputcd  ilil)ut inlIxxlancc,  Z~,,, which is

tllo normalizing ilnpedancc. ‘1’l)c frcqucucy dependence of these  curves is dut: to the slight variation ill tllc

9

error  in t hc lncasurcnlent  system, which is calibrated in rectal  lgular wmvcguidc. Assessment of errors due

to tllc prcscncc  of the orthomodes  wcw dorm by connecting; two “identical” ortllonmdes  so that their square

wavcguidc  ljorts arc together. ‘l)he external ports presented t hen allow for a four port nlcasurexncnt  ill

rcct angular wavcguide.  ‘J ‘bus the perfect “thru” junction between tile two ortllolnodes  can be clc-cnlhcdc]cd.

‘1’his nlcasurcnlcnt  indicated a maximum of 8% error in magnit  udc of one r)rolmgat ing nlode, and 3% error

in the nlagnitudc of tllc orthogonal square wave.guide moclc with phase error less tllall  2.2 dcgrccs  for both

nlodcs.

‘1’llc usc of square wavcguic!c  for Sinlulation of a periodic arrfly  requires the solution of tile periodic array

problem for the two Floquct nlodcs composing the TFJo1 nlodc. ‘1’hese  plalw mwvcs arc inciclcnt at the angle

O which varies from 46 to 52 clcgrecs over the frequency range of rncasurc~ncllt. ‘1’llis large angle of incidence

results ill additional reflection of the ?n =- – 1 Floquct  harnlollic,  which nlust bc Ixopcrly  combinecl  with

the two original exciting modes when forming S“U’”. In order to satisfy the lmutidary  conditions of the

square wavcguidc,  a rot at ion of @ =- 90 degrees then conlputes  the paramct  crs for t lie 7’EIo mode. I’hus a

10 port representation of S“’’’” using Irloquet  modes is retluced to a 6 l)ort scattering nlatrix for waveguidc

si[nulation.



.

input, inlprxla~lcc which varies from (164.8 - j 8.2) Q to (178.8 + j 6.1) Q frolll  4.1~ to 4.4 GHz. ‘1’IIc maximum

error in the mmsurccl  magnitude of the dcvicc S parmneter  is 8670.

‘J’he load iulpcdallcc  magnitude and pham  for the ollc port dtvicc  call he calculated sinew the) nornmlizing

impcdancc,  the input  iml)cdance  at the dcvicc port  .ZZ,l,  is knoun.

(17)

‘J ‘hc nonliucar  nature of this conversion nlay increase or decrc.assc the error ill the n)casllrcd  S parameter .$d”t,

bLIL puts the results in a more readable form. Fig. 8 SIIOWS th( nlcasurcd  load imprdancc  magnitude  mlcl

phase as con~putcd fron) (17). ‘J’hc measured loacl ma.g~litucle is ill error by al)l)lc)xillmtcly  8.4Y0.  As cxpectcd

the rwlativc  error W1lCI1  rcprwsentcci by (17) was mini] nal whml the loadiug cl) il) rmistor  was nlorc closely

nlatchcd  to the input impcclancc presented at the clevicc. Alt}l(,ugll it was uc,t dol)c herw,  iucorl)oratioll  of

error correction tcrnm into the measurement system would alleviate these lmot)lcl~w.

Before ~noving  to results for two l)ort dcviccs it is noted tlu~t ~ncasurcd  trarlslrlitted  Mld rcflcctcd  l)aranl-

ctcrs  of the loaded unit CC1l, such as those depicted by S21 and in S12 in Fig,. 4, where also nleasurcd  and

conlparcd  to theoretical results. ‘1’hcsc  4 port parameters were,  in gclleral,  of sirililar accuracy to the load

de-embedding results l)rcsclkcd. ‘1’llis  provided anothc]  nletflod of vcrifyillg,  a colnl msite S“’’’” formed from

the conlbilmtioll  of the Gcncxa]izcd scatter’illg parameters for th{ periodic array and tllc S Imran)etcrs  of the

device.

I’ig. 9 S11OWS  tlm two port, unit cell used for wavcguidc sinlulation.  ‘J’lIc sul)strate  mld ilidividual  dipole

climcnsions arc tllc sanlc as the single dipole SIIOWII ill Fig. 3. By scparati  11[:  ortliogo~lal  clli~) resistors l~y

a tlliu  layer of I)olyilniclc, each individual dipole was loaded indcpclldcvltly  wit II 110 collllcction  to tllc other

device. 111 this configuration equation (17) can be used to dc-tnlhcd  tllc 1(M(1  illllmdancc  valllcs  frolll tllc

~ucasurcd  data. Fig. ]0 shows the measured results W1lCII two 120 Q (nil) rc.istom arc llse(l. ‘J’IIc  average

error on the vcrLical loaded lx)rt, port 5, is 4.4% while the average error ml tlw IIorizoutal l)ort is 15.8%. ‘J’his

is nlorc error tllau cxpcctcd  duc to a worst case linear  sulnmatioll  of the two IJol:wizations of tllc ortlloluodcs,

11%. ‘1’IIc lnaxinlum  l)l)asc al@e  measured was 24 degrees.

10



D. Results for a Diflcrential  [’air HEfif7’ 7’u1o I’ort D. U. Y‘.

Since it is difllcult  to measure the difrcrcntial  pairs oflcm used in grid anlldifiers  [3-5], wavcguide  siululation

of a single unit cell provides a rncans of measuring, tllcsc para]]  Ictcrs. ‘1’llc utlit  cell configuration shown in

Fig. 9 was used to nmsure a differential pair Hllhl’1’ wire bonded in tile CO1) figuration shown in Fig. 1.

Upon nwCamrenlcnt  of the 4 port scattering nmtrix  at W extcl nal rectangular wavcguidc  ports of the two

orthomodc  junctions, the 2 port S parameters of the differential HEh4rl’  pair were extracted for cliffcrent bi,as

levels.

q’hc cliflerential  pair is in common source configumt  ion with IX grorrlld al JI)lied to t hc sources through

a 50 Q resistor. ‘1 ‘hc gates  are self-biasing. Fig. I I shows the de-embedded two port S parameters of the

differential pair HEMr~. ‘1’hc  dcviccs arc biased with a drain bias of 5 V and 8 mA. ‘Ib put tllc gmcralizcc]

scattering parameters in a more stanclard  form, Fig. I I shows scattering, parmnckrs  normalized to 50 oh]ns.

Note the large mis-match  of the devices to both input ant] outj)ut  pork, as rel)resentecl by S11 ancl S22, for

this  normalizing impedance. Rvcu with the rnis-matcltcs  on inj )ut and outI)u( the uccessary  co~lditions  for

stability

1s11[ < 1 ,  1s22/ < 1 (18)

arc satisfied. P’ig. 12 shows the scattering parameters uormalimd  to 5(I ollnls wlmll tile drain  bias bccolnes

o v.

‘r’ig. 13 shows tlm nlagnitudc of the generalized scatt  eriug I)al amcters  [LS co~tl})rrt cd, wllcre tllc nornlrdizillg

itnpcdallccs  arc the input ilnpedances  at the ports. ‘lhis  corrcsl,onds  to Llic act ual device loading presel]tcxl

by tllc gricl during tllc wavcgrric]c  nlcasurcnlcnt. ‘1’hc result is a IIlore  desirable Illat)cll to tllc device at lligller

frcqucncics  as shown. And as the input match improves, the t] ansclucer IIow(:r gain, S21, i]lcrcascs until a

the maximu]n  of 0.8 dll is rcachcd  at 4.4 GIIz.

IV. CONCI,USIONS

A gcncralizcd  scattering matrix for lnodeling of grid amplificx and oscillator arrays has km dcvclo] )cd

and vcrifkd  cxpcrimmtally. ‘1’he method incorI)oratcs  gcncraliml scattering lnatrix rcprcscnt,atioll  for tlm

periodic array, where ]Jloquct  harlnonics  rcprcscnt  ports of the array. ‘1’hcsc  iL(l(litiOUtll  l)orts  arc coml)inecl

11



with power wave rcl)rcscntations  of at t,hc device ports  which a t c in tile l)lanc of t lle array. ‘1 ‘lIC advantages

of t liis approach  are that magnetic and electric wall twsumpt ions arc Ilot l]c[ded. Also t]lc k’lc)qu(!t  lllOdC

reprcscmtation  allows for the combination of polarizers allci other periodic str(lcturcs  commonly used in quasi-

ol)tical  sctu])s by cascading of scattering matrices [9], while allowing foI Non-lIoInIal  incidcncc  and inclusioIl

of coupling effects. A single unit cell was measured in a wavegui(lc  simulator foI vcrificatior) of the approach.

lksults for loaded dipoles with onc port ancl two poI t devices were prcscnt,c(l.  Also measured scattering

parameters of a singk unit cdl of a grid amplifier using a diffcr(  mtial pair 11 ItlJ’1’ were prcscntcd.
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I?igurc Titles

~?ig, 1, (jVcrvictv  Showi]lg  dist,i[l~tioIl l)ct,wcell the gc~lcra]izcd s~attcri[]g  Ill:lt,rix  of tllc g r i d ,  S“V’”, ~rlc] tllc

cliffcrential pair device under  test. hTotc that input and output ;Lre separated i T orthogonal polarizations at

Ilormal iucidcncc.

F’ig.  2. Genera] forln ofgcncralizcxi  scattering nlatrix  containing IL-t in I“loquct Illodcs  in region 1 and region 2.

Fig. 3. Unit cell of one port device for wavcguiclc  silnulation. ‘1’hc substrate is lU’/duroid  5880 with Cr =-

2.2 and a thickness of 0.32 cnl (0.125”). ‘1’hc port is terminated with a chil) resistor of lcngtll  0.1 cm, width

0.05 cm ancl height  of 0.04 c]n.

Fig. 4. Wavcguidc  method  of one port S paralnctcr clc-embedding usi[g  a sillf],lc  unit  cell. Note  that, S31,

S21, . . . arc computed hy numerical analysis.

l’ig. 5. Wavcguidc  ltlcthod  of two port S paramter dc-embcddirlp;  usiug a sillglt:  unit  cell and two ortllomodc

jullct ions to verify S“’’’” and measure ,SdU ~.

lrig. 6. Dc-mnbccldcd  S’J”f lmralncters  usiug the unit cell shol+n  in FIs. 3 wlIcIl the load is a conducting

Imtcll, (a) lucmsure(i  S11 IIlaguitudc  and (b) measured S11 p]las(!.

I’ig.  7. I>c-cml)cddcd S’t” ~ parameters  usiug tllc unit cell shown  in Fip,.  3 wllcll tllc Ioml is a 51 olllll chip

resistor, (a) measured S11 magnitllde  and (b) measured S11 pll:tse.

l~ig. 8. l)c-clllbcddcd  loacl impcdaucc  of the unit cell shown in Fig. 3 w1lcI1 ttw load is a 120 ohm cliil)

resistor, (a) nw,~surcd load magllitlldc  and (b) lucasurcd  load I)hasc.

1 (i



]Pig. 9. Unit,  ccl] of two I)Olt dcvicc’ for  waveguide sintulation. ‘1’he substrate is IU1’/duroicl  5880 with c? =-

2.2 a~lcl a thickness of 0.32 cm (0.125”). ‘1’he  port is terlninatcd with a dif~ercntia]  pair IIRhlrl’  clesigned and

fabricated at J 1’1..

dvt. load itIlljcd:LIlces of the LInit  CCII  shown  in Fig. 9 when the loads ar’eI~ig. 10. Dc-cmbcddccl  two ])ort S .

two 120 01)1]1 chip resistors, (a) measured loac] rnagnitllde  a~lcl (b) rnwmurwcl loid l)hasc.

Fig. 11. Magnitude of dc-e]nbcddcxi  clcvicc S parameters, nornl:dized to 50 oll]us, when the unit ccl] shown

in Fig. 9 is loaclcd with a differential l)air H13hflr~  biased at 5 V, 8.0 rnA.

Fig. 12. Magnit  udc of de-ernlmicl  clcvice S parameters, normalimcl to 50 ohtm,  when the unit cell shown in

Fig. 9 is loaded with a cliffcrential pair HEh4’~ biased at, O V.

k’ig. 13. lk+n)bcdclcxl  dcvicc S parzunctcrs,  normalized to inl)l]t impedances, when tlic unit cell shown in

I“ig. 9 is loaded wit]] a diffc!rc~ltial pair HEIW1’ birwcxl at, 5 V, 8.0 nlA.
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